Aiming at the determination of the rational loading waveform for rock materials, the comparative impact tests under the loadings of rectangular and half-sine stress waves were performed on red sandstone using an Ø50 mm SHPB apparatus. Experimental results with the rectangular stress wave affirm that the waveform dispersion and stress-strain curve oscillation frequently exist during the test of rock materials, which signifies that the accuracy of test results derived from the rectangular stress wave loading cannot be guaranteed. Under the loading of the half-sine stress wave, the phenomenon of wave dispersion during the tests has been eliminated radically, and there is no oscillation in the stress-strain curves. To further demonstrate the rationality of the halfsine wave loading in the SHPB test, by utilizing the three-dimensional numerical simulation approach, the propagations of rectangular, triangular, and half-sine stress waves travelling in the axial and radial directions of the SHPB with four elastic bar diameter sizes are analyzed and compared. e results show that the waveform dispersion of the rectangular and triangular stress waves always exists and will be more and more serious with increasing diameter size and propagation distance. For the half-sine stress wave, the waveform dispersion effect is very weak and not affected by the bar diameter size and propagation distance. e half-sine stress wave is the rational loading waveform for rock SHPB tests with different bar diameters.
Introduction
Rock engineering is often subjected to a lot of dynamic loads (such as blasting, impact, strike, and earthquake) [1] . e dynamic properties of rock materials under dynamic loads are one of their essential attributes and also provide the basic information for the design of underground protection works against blast and impact loadings. It is well known that the split Hopkinson pressure bar (SHPB) has been extensively applied to the investigations on dynamics of rock materials [2] [3] [4] . But it is noteworthy that the original SHPB device was primarily invented for the study of metallic materials (the cylindrical specimen is 7-13 mm in diameter, also processed with small length/diameter ratio), and the rectangular stress wave was adopted for the impact test [5] . Compared with metallic material, the rock material is essentially a solid aggregate that is composed of minerals and other substances and a porous media in structural properties having two main characteristics, the anisotropy and heterogeneity. In the standard static load test, the International Society for Rock Mechanics (ISRM) [6] , as well as many testing regulations, recommends that the diameter of a cylindrical rock specimen should be approximately 50 mm and that of a concrete specimen is suggested to be larger than 70 mm. As a result, the large diameter rock specimen is necessary whilst carrying out the impact test using the SHPB. Recently, many research institutes or universities have been equipped with the SHPB system where the bar diameter is equal or greater than 50 mm, and based on which, numerous correlative researches have also been conducted [7] [8] [9] [10] [11] . However, there are several key problems that need to be solved when the conventional rectangular stress wave produced by a cylindrical striker is applied on rock materials in the large diameter SHPB test, such as waveform dispersion, stressstrain curve oscillation, and stress equilibrium [12] [13] [14] . ese problems will result in an inappropriate application of one-dimensional stress wave theory to the large diameter SHPB device. Consequently, for the large diameter SHPB device, it is eager to determine a kind of loading wave that is without dispersion, oscillation, and can well achieve the stress equilibrium conditions during the test, and the halfsine stress wave has been introduced in many experimental researches [7, 15] . However, among these researches, the comparison test for the mechanics and energy characteristics of rock materials under the rectangular wave and half-sine stress wave is relatively few.
In order to compare dynamic properties of rock materials under the rectangular and half-sine stress waves, the impact tests of red sandstone were conducted under the rectangular wave and half-sine stress waves on an Ø50 mm SHPB apparatus. Besides, for the characteristics of stress waves travelling in different waveforms, the propagations of rectangular, triangular, and half-sine stress waves in different diameter bars were compared and analyzed by using the three-dimensional numerical simulation method. e experimental and numerical results show that the half-sine stress wave is the rational loading waveform for the rock material SHPB test.
Testing Principle of SHPB
As shown in Figure 1 , in the actual SHPB test [4] , a rock specimen is sandwiched between the incident and transmitted bars (the lengths of the incident bar and transmitted bar are 2000 and 1500 mm); a striker (in this research, both the cylindrical and spindle-shaped strikers with the same diameter of 50 mm and the lengths of 410 and 360 mm were used, respectively), of the same material as the incident bar, flies out under the action of gas pressure and impacts the incident bar, causing a stress pulse σ I (t) to initiate at the loaded end of the incident bar and travel towards the rock specimen. Upon the assumption of one-dimensional stress wave theory, the stress pulse σ I (t), i.e., the incident stress wave, propagates forward with velocity C 0 � ���� Eρ −1 in the incident bar, where E and ρ are the elastic modulus and density of the bar, respectively. After its arrival at the rock specimen-bar surfaces, the reflective stress pulse σ R (t) and the transmitted stress pulse σ T (t) are generated in the incident and the transmitted bars, respectively. e incident strain signal ε I (t) and reflected strain signal ε R (t) are measured by the strain gauge G 1 pasted on the middle of the incident bar and the transmitted strain signal ε T (t) by the strain gauge G 2 . Note that the three strain signals measured by the two strain gauges represent those derived from the forces at both ends of the specimen.
According to the measurements of above parameters, the average stress σ s (t), strain rate _ ε s (t), and strain ε s (t) of the rock specimen can be described by the following formulas [16] :
where A and A s are the cross-sectional areas of the bar and specimen, respectively, and l s is the length of the specimen. For the energy calculation during the test, the absorbed energy E s of the loaded specimen is expressed as
where E I , E R , and E T are the incident, reflection, and the transmission energies, respectively; they can be obtained by [16] 
where τ is the duration of the stress wave.
Actual Experimental Analyses
To know about the wave travelling properties in the SHPB test and the responses of rocks under rectangular and half-sine stress waves, we first conducted experiments without specimen for the measurement of waveforms at different positions. en, experiments on red sandstone were also performed by using the rectangular and half-sine stress waves. As described in Section 2, the rectangular and half-sine stress waves were generated by impacting the incident bar via the cylindrical and spindle-shaped strikers, separately.
e physical dimensions of spindle-shaped striker in this research are shown in Figure 2 [15] . When using the striker below, the duration of the half-sine stress waves is approximately 200 microseconds, and the amplitude of the incident stress waveform can be changed by the position of the strikers and applied gas pressure in the pressure vessel. Certainly, the length and shape of strikers would lead to changes in the stress waveform, and the related investigation can be found in [17] .
Test Specimens.
e specimens used for the contrast test were extracted from the same red sandstone block. e average longitudinal wave velocity of the red sandstone is 3084 m/s. e density is 2390 kg/m 3 . e rock block was manufactured into specimens with a diameter of 50 mm and a height/diameter ratio of 1.0. en, the surfaces of all the specimens were carefully polished such that specimen and pressure bars can be well contacted during testing. Before performing the test, all the specimens were classified into two groups and marked in accordance with the categories of loading waveforms. For instance, specimen R1 is the first sample used in the impact test under the rectangular wave loading. Similarly, the specimen labelled "H2" indicates that this specimen is the second one for the utilization in the halfsine stress wave loading test. Meantime, some mechanical parameters of all the specimens were also measured.
e Test Results.
Prior to carrying out the test, checking that if the SHPB is in a good testing condition is necessary to make sure that the device is operational. Figure 3 gives the attained rectangular and half-sine stress waves after impacting without specimen. In this case to more clearly observe the wave propagation in the SHPB and to make a contrast between the rectangular stress wave and half-sine stress wave over the testing duration, five designed locations on the incident and transmitted bars were given for the measurements of waveforms at different positions. e test results are shown in Figure 4 .
From Figures 3(a) and 4(b), it can be found that the oscillation in rectangular waveforms displayed during the measurement period became more and more violent with distance increasing along the bars (from positions I to V).
e waveform propagating after a short duration fluctuated in larger oscillation amplitude compared with the former waveform, especially for those recorded on the transmitted bar. e biggest oscillation amplitude is nearly half of that of the corresponding waveform, which indicates that when the strain signals measured from gauges G 1 and G 2 shown in Figure 1 are used to represent those at both ends of the specimen, the signal distortion occurred. However, observations in the five half-sine pulses (Figure 4 (c)) manifested that with increasing distance along the bars, the waveform remained constant and few oscillations can be noted over the entire travelling phase. is suggests that the half-sine stress wave will not disperse when it travels along a bar and that the strain signals gauged by G 1 and G 2 under this wave loading can completely replace those at both ends of the specimen for no distortion appeared. e application of a half-sine loading pulse can well overcome the waveform dispersion in the SHPB test, showing that a nondispersive waveform can be obtained, provided the half-sine stress wave was used.
To further illuminate the accuracy of SHPB test results for rock materials, impact tests of red sandstone under rectangular and half-sine stress wave loadings were carried out.
e stress equilibrium, strain rate history, and the stress-strain curve oscillation of tested specimens were investigated. Figure 5 shows the typical stress equilibrium of rock specimens under the loadings of rectangular and halfsine stress waves. It can be observed that when the specimen was subjected to the impact with a rectangular loading wave ( Figure 5 (a)), the computed superposition of incident stress and reflective stress (Inc + Re) has a particularly serious fluctuation and greatly differs from the transmitted stress. In other words, a temporary stress equilibrium state was achieved when the time goes by 125 μs, but it only lasted about 25 μs. In the condition of half-sine stress wave loading ( Figure 5 (b)), excellent consistence was found between the Inc + Re stress and transmitted stress, and there is much less fluctuation compared with that under the rectangular wave loading.
e nearly uniform stress and strain rate over most of the loading period is a significant feature of the stressed specimen in the dynamic impact test of rock materials. Figure 6 gives the stress and strain rate histories of representative specimens R4 and H9 that were subjected to half-sine and rectangular stress waves, respectively. Comparing the stress and strain rate varying with time of the two specimens finds that the stress of specimen subjected to half-sine stress wave loading remains relatively even over the entire loading duration. Under the rectangular loading wave, the stress fluctuated seriously before the specimen reached the peak stress. Similar observations in the strain rate can also be noted. Most importantly, in the duration of 40 to about 65 μs ( Figure 6 (b)), the strain rate resulted from the half-sine stress wave seems to be steady. It means that a half-sine stress pulse enables the rock specimen to deform stably during impact testing. In contrast, at a period of 20∼160 μs, the strain rate induced by the rectangular stress wave oscillates continuously, showing an unsteady strain of the specimen in most of the loading time.
For the comparison of stress-strain responses of specimens under the action of the two loading waves, six groups of stress-strain curves on 12 specimens were given. Each comprises two specimens with similar average strain rates. As demonstrated in Figure 7 , the resultant stress-strain curves of specimens induced by rectangular wave loading show great volatility before the peak stress of a rock specimen is reached. More exactly, there are almost four wave fluctuations before the specimen was brought to peak stress in the resultant stress-strain curve. e biggest stress oscillation amplitude among the four fluctuations on every stress-strain relation has Figure 2 : Physical dimensions of a spindle-shaped striker (unit in mm) [15] . reached 1/3 to 1/2 of the peak stress of the corresponding specimen. e fractures of loaded specimens are displayed in Figure 8 , wherein it can be seen that, with similar strain rates, the damage degrees of the rock specimens under the two stress waveform loadings are quite close. e tested sandstone in this paper belongs to the argillaceous siltstone. It also can be seen from Figure 8 that, although the lubricant is applied at both ends of the specimen during testing, a certain friction effect still exits, which results in the conical rupture surface on the specimen fragments.
Conversely, the stress-strain curve of the specimen loaded by the half-sine stress wave behaves well and possesses little fluctuation. e half-sine stress loading wave produced a smother stress-strain relationship. To make a further comparison, the data of peak stress and energy absorption per unit of tested specimen were plotted as functions of the strain rate, as given by Figure 9 .
It can be known that the energy absorption per unit resulted from both loading waves increases with the strain rate. At a similar strain rate, the specimen under rectangular pulse absorbed more energy compared with that under the half-sine stress pulse. And there appears to be no obvious difference in the degrees of data dispersion. However, the data of peak stress derived from the rectangular loading pulse are relatively scattered than those from the half-sine stress wave, for the phenomenon that the data area of half-sine stress wave is within the area range of the rectangular loading wave.
e accuracy of experimental results is closely related to the transmission process of the stress wave in the rock SHPB test. In order to further illustrate the rationality of the halfsine stress wave loading, the following paper numerically simulated the propagation process of the rectangular, triangular, and half-sine stress waves and investigated the influences of the bar diameter size and propagation distance on the waveform dispersion.
Numerical Simulation

4.1.
e ree-Dimensional Numerical Model. Combined with the afore experimental approach, three typical stress waveforms, the rectangular, triangular, and half-sine stress waves, were selected as the loading waves to investigate the wave propagations in the SHPB by the numerical method. In [18] , the propagation of the three stress waves in a 75 mm diameter elastic bar was simulated. However, the size effect of bar diameter on the propagation of stress waves was not investigated. A three-dimensional model (Figure 10 ) of the incident bar with the same length 2000 mm and four diameter sizes was established using ANSYS/LS-DYNA [19] . e density, elastic modulus, and Poisson ratio of the incident bar are 7795 kg/m 3 , 250 GPa, and 0.285, respectively. In this model, the three stress waves were separately applied to elastic incident bars that are in four diameter sizes (10, 22, 38 , and 50 mm), to study the dispersion effect of bar diameter on the one-dimensional stress wave propagation.
e durations of the selected loading waveforms were consistently set with their peak stresses. at is, the duration and the peak stress of waveforms were set as 200 μs and 200 MPa, respectively. Assuming that the stress waveform on the surface is replaceable to that on the bar cross-section, the recording positions were located along the longitudinal orientation of the elastic bar. e distances from the loaded end of the bar to gauge stations are 0, 250, 500, 750, and 1000 mm.
e Waveform Oscillation.
In this section, the three above-mentioned stress waveforms propagating in two elastic bars with diameters of 10 and 50 mm were chosen to analyze their oscillation phenomena. e rectangular stress waves collected at different positions in the 10 and 50 mm diameter elastic bars are illustrated in Figure 11 . For stress Figure 9 : Relationships of the peak stress, energy absorption, and strain rate of fragmented specimens.
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waves in the 10 mm diameter bar, it can be seen that the waveform becomes more oscillatory with increasing propagation distance. Clearly, when the stress wave lasts to half of the duration, it returns to the original waveform, and a platform is formed (Figure 11(a) ). Compared with the waveforms in the Φ10 mm bar, the wave oscillation in the 50 mm diameter bar is more serious, and the peak value of stress wave has no clearly monotone changes with the propagation distance (Figure 11(b) ).
roughout the duration, the propagated waveform basically no longer returns to the original one and has been greatly changed. us, in this case, the stress waves recorded on the bar surface cannot delegate the actual waves, owing to their significant differences following propagations. Figure 12 represents the triangular stress waves propagating in the two early mentioned elastic bars. It indicates that the triangular waveforms in the two bars can maintain a triangular shape during their travelling process, and the waveform oscillation is very less. However, it is obvious that the peak value of the waveform gradually decreases with the increase in propagation distance. Moreover, the decreasing trend of the wave peak value in the Φ50 mm bar is more visible than that in the Φ10 mm bar (see the dotted arrows in Figure 12 ). By comparing the waveforms in Figures 12(a) and 12(b) , it can be inferred that the theory of onedimensional stress wave can be satisfied during the wave propagation process in a small diameter bar of the SHPB, as the waveform oscillation is not too serious to make an analysis and the errors are ignorable. But as the bar diameter increases, the waveform oscillation will be more serious, which would cause the one-dimensional stress wave hypothesis to be unsatisfied.
Similarly, the half-sine stress waveform was also selected to make a comparison, as demonstrated in Figure 13 . It can be found that whether propagating in the Φ10 or Φ50 mm bars, the waveform is not affected by propagation distance and there is almost no waveform oscillation. As marked in the figure by arrows, the original peak value of the half-sine wave remains unchanged as the loading time increases. After the comparison of stress waveforms at a same propagation distance in the two bars, it is observed that the waveforms are basically remained identical and the changes are very small, concluding that the propagation of the half-sine wave almost does not be influenced by bar diameter.
e Peak Attenuation of Stress Wave.
e wave propagation from the aspect of oscillation degree has been qualitatively analyzed in the above section, whereas it has not been compared quantitatively.
ereafter, the peak stress σ max and rising time t r of stress wave were employed to make a quantitative comparison. Additionally, the concepts of the peak factor σ * max and rising time factor t * r for stress wave were given, where σ * max is defined as the ratio of the peak value of stress wave after running a certain distance to that of the original waveform and t * r is the ratio of rising time of a propagated stress wave to that of the initial waveform. Utilizing the two factors, not only the comparison can be quantificationally made but also the deviation size between the transmitted waveform and original waveform can be easily obtained [19] .
For the rectangular stress wave, the variation of the peak factor with propagation distance in different diametrical bars was investigated, as manifested by Figure 14 . e general trend displayed can be considered that, as the propagation distance increases, the increasing trend of the peak factor tends to be stable. Among these peak factors, the minimum value is 1.10 and the maximum value is up to 1.30. at is, the maximum increment in the peak factor is 10% and the maximum increment reaches 30%. When the stress wave travels from the loading end to a propagation distance of 250 mm, the peak factor of the stress wave is greatly affected by the bar diameter, while it begins to fluctuate at about 1.20 after exceeding 250 mm in propagation distance (Figure 14(b) ). is indicates that, after a long-distance propagation, the peak factor of the rectangular stress wave is about to be steady, and the increase in the peak stress is maintained at approximately 20%.
e travelling of the triangular stress wave in different diametral bars was also investigated in terms of the peak factor, as depicted by Figure 15 . It can be seen that for all diameters, the peak factor of triangular gradually decreases with the increase in propagation distance, and there is no oscillation fluctuation phenomenon. For wave propagation in the 10 mm elastic bar, after a distance of 1000 mm, the peak factor decreased to 0.98, namely, the peak value was only reduced by appropriately 2%. When the propagation distance is small, the peak factor of the triangular stress wave decreases with the increase of bar diameter. e decreasing tendency becomes more obvious as the propagation distance increases. Figure 16 plots the changes in the peak factor of the halfsine stress wave with propagation distance. For all bar diameters, the peak factor of the half-sine stress wave does not substantially change with propagation distance and nearly not be affected by the bar diameters at the same propagation distance.
e peak factor of the half-sine stress wave is maintained around 1.00. Relative to the rectangular and triangular stress waves, it can be considered that the peak factor of the half-sine stress wave is negligibly affected by the propagation distance as well as bar diameter. Figure 17 suggest that, at the ends of all diametrical incident bars, the rising time of the rectangular wave is in a range of 4∼8 μs. With the propagation of the rectangular wave, the rising time in each bar diameter goes up. At the distance of 1000 mm, the rising time in the Φ10 mm bar is 16 μs and that in the 50 mm diameter bar is about 30 μs. Such a short rising time is not suitable for the impact tests of rocks. In addition, in the case of similar propagation distances in different bars, the rising time increases with bar diameter, which indicates that the bar diameter has a great influence on the rising time of the rectangular waveform.
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e Increasing Trend in Rising Time of Waveform. Curves in
e rising time factor of the triangular wave varying over the propagation distance and bar diameter was also analyzed, as displayed by Figure 18 . e rising time factor increases with increasing propagation distance for each bar. But among these changes, its maximum increment is only 4%. For a small diameter elastic bar, the increase in the rising time factor is less than that in the large diameter bar with the propagation of the triangular wave, which can be basically considered as that no changes in rising time will occur. Furthermore, after a short propagation distance, the rising time factor for each bar can be considered as not changing (Figure 18(b) ). Only with the increase in propagation distance, the rising time will increase, and their differences gradually become more evident.
e rising time factor of the half-sine stress wave has been analyzed from two influential elements: the propagation distance and bar diameter shown in Figure 19 . Compared with the changes of the triangular wave, the increment of the rising time factor of the half-sine stress wave is less than that of the triangular wave. For the half-sine stress wave, the rising time factor will slowly increase with increasing propagation distance, while the maximum increase is only 2%, which only occurs in bars with their diameters greater than 38 mm. For the bar with a smaller diameter (Φ < 38 mm), the rising time of the half-sine stress wave is not affected by the propagation distance.
Discussion
Since the elastic wave can be regarded as the combination that is superimposed by harmonic components with different frequencies, the different components will travel forward according to their respective phase velocities and the original stress waveform will gradually disperse during the propagation process, representing the dispersion in a spreading waveform. e waveform dispersion mainly includes the following four aspects: (i) stress waveform oscillates during propagation. e phase velocity of each harmonic depends on the ratio of bar diameter to wavelength. In the condition of increasing bar diameter or decreasing wavelength, the waveform oscillation becomes more serious as the propagation distance increases [20] ; (ii) due to the transverse inertia effect, the rising trend of stress wave will become more relaxed as the propagation distance increases, resulting in gradual increase in rising time; (iii) the peak value of the stress wave will decrease with increasing propagation distance because of the transverse inertia effect. Accordingly, the waveform will be very different from the original one after a long propagation distance; (iv) the wave propagation in the SHPB test is premised on the assumption that stresses Advances in Civil Engineeringin the cross-section of the elastic bar are evenly distributed and the one-dimensional stress wave propagation is satisfied. However, the transverse inertial effect will cause stresses to unevenly distribute on elastic bar cross-section.
Wave dispersion actually occurs in both longitudinal (along the axial direction of bar) and transverse directions (along the radial direction of cross-sectional area). But, because the waveform dispersion in the longitudinal direction is more intuitive and easy to measure, most of previous researches have focused on how to eliminate the longitudinal waveform dispersion. Few attentions were paid on the elimination of transverse waveform dispersion because of limited analytical approaches. erefore, the numerical simulation is a feasible technique of analyzing waveform dispersion. Meanwhile, it is a viable method to use the three-dimensional numerical model to simulate and analyze the ideal waveform without dispersion in rock impact test using the large diameter SHPB device.
Conclusions
To systematically investigate the rational loading waveform in SHPB rock tests with large diameter, the laboratory tests and numerical simulations were carried out in this paper.
e main conclusions are as follows:
(1) Dynamics tests of red sandstone under rectangular and half-sine stress waves were conducted by using an Ø50 mm SHPB apparatus. In the case of rectangular wave loading, the signal obtained by the SHPB test system is already distorted from the actual force acting on rock specimen due to unavoidable waveform dispersion, making the experimental results inaccurate. However, the waveform dispersion will not occur in the travelling process of the halfsine stress wave, and the test signal can well represent the actual force at the ends of the specimen. e obtained results are relatively accurate. (2) e comparative test with red sandstone performed in this research shows that the half-sine stress wave has good superiority in ensuring the stress equilibrium at both the ends of the specimen and stressstrain curve smoothness. e obtained results can truly interpret the dynamic mechanical responses of tested rock materials. (3) For the rectangular, triangular, and half-sine loading waves, the influences of bar diameter size and propagation distance on the wave dispersion are investigated by numerical simulation. e results show that compared with the other two loading waves, the half-sine stress wave is little effected by the bar diameter and propagation distance during the SHPB test, which is the reasonable loading waveform in the SHPB test for rock materials.
Data Availability
e data used to support the findings of this study are available from the corresponding author upon request.
Conflicts of Interest
e authors declare that they have no conflicts of interest.
